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Abstrat- We demonstrate pseudo spin valves with a (112)-textured D022 Mn2.3−2.4Ga (MnGa)
tilted magnetization xed layer and an in-plane CoFe free layer. Single D022 MnGa lms exhibit
a small magnetoresistane (MR) typially observed in metals. In MnGa/Cu/CoFe spin valves a
transition from a negative (-0.08%) to positive (3.88%) MR is realized by introduing a thin spin
polarizing CoFe insertion layer at the MnGa/Cu interfae and tailoring the MnGa thikness. Finally,
the exhange oupling between the MnGa and CoFe insertion layer is studied using a rst-order
reversal urve (FORC) tehnique.
Index Terms- Magneto-eletronis, Spin valves, D022 MnGa, Tilted polarizer, Negative magne-
toresistane, First-order reversal urve (FORC)
I. INTRODUCTION
Sine the predition by J. Slonzewski and L. Berger
that a spin polarized urrent an exert enough torque
on a magneti layer to signiantly aet its magnetiza-
tion [Slonzewski 1996, Berger 1996℄, the Spin-Transfer
Torque eet (STT) has been intensely investigated
for potential appliations in spintroni devies, suh as
Spin-Transfer Torque Magnetoresistane Random Aess
Memory (STT-MRAM) [Zhu 2008℄, Spin Torque Osil-
lators (STO) [Katine 2008℄, and domain-wall memory
[Parkin 2008℄. While suh devies are typially divided
into in-plane and perpendiular free or xed layer ge-
ometries, we reently proposed a so-alled Tilted Polar-
izer STO where the xed layer magnetization is tilted out
of the lm plane in order to simultaneously ahieve zero
eld operation and high output power [Zhou 2008, Zhou
2009a℄. The tilt angle introdues an additional degree of
freedom, whih leads to a surprisingly rih phase diagram
of spin torque swithing and preession [Zhou 2009b℄.
A tilted spin polarizer, with both in-plane and out-of-
plane spin polarization omponents, an be experimen-
tally ahieved using materials with strong tilted magneto-
rystalline anisotropy. We have previously reported on
using (111)-oriented L10 FePt and FePtCu with tilted
magneto-rystalline anisotropy to fabriate pseudo spin
valves (PSV's) for spin torque devies [Zha 2009a, Zha
2009b, Zha 2009℄. However, L10 FePt and FePtCu have
a number of drawbaks suh as a relatively low spin polar-
ization [Seki 2008℄, undesirably high damping fator [Seki
2006℄, and prohibitive ost due to its high Pt ontent.
Very reently, D022 ordered Mn3−xGa (x=0∼1) was the-
oretially predited to be a nearly half-metalli ferrimag-
net with 88% spin polarization at the Fermi surfae, and
was onsequently proposed to have great potential for
STT devies [Balke 2007, Winterlik 2008, Wu 2009℄. The
large magneto-rystalline anisotropy (Keff=1.2 × 10
7
erg/m
3
), the low magnetization (≤Ms=250 emu/m
3
)
and the expeted high degree of spin polarization make
Mn3−xGa ideal as a tilted polarizer [Winterlik 2008, Wu
2009℄, provided the appropriate rystalline orientation of
the D022 phase an be realized.
In this Letter, we report on the suessful fabriation of
(112)-textured D022 Mn2.3−2.4Ga (MnGa hereafter) thin
lms with a tilted magnetization and pseudo spin valves
based on these lms. In single D022 MnGa lms we ob-
serve a small magnetoresistane (MR) with a paraboli
eld dependene onsistent with ordinary MR typially
observed in all metals. In MnGa/Cu/CoFe PSV's a small
negative giant magnetoresistane (GMR) is observed be-
tween the MnGa and CoFe layers. In order to obtain a
sizable positive GMR eet an ultra-thin CoFe layer is
inserted at the MnGa/Cu interfae.
II. EXPERIMENTS
All lm staks were deposited at room temperature
on thermally oxidized Si substrates using a magnetron
sputtering system (AJA ATC Orion-8) with a base pres-
sure better than 5 × 10−8 Torr. Deposition of a 6 nm
Ta underlayer was followed by MnGa deposition from
a Mn60Ga40 alloy target. This bilayer was subsequently
annealed in-situ at 400
◦
C for 35 min to form the D022
(112)-textured MnGa phase. For the PSV's a 5 nm Cu
spaer and a 5 nm Co50Fe50 (CoFe) layer were deposited
after ool-down to room temperature. Finally, a 3 nm
Ta apping layer was deposited on both single MnGa
lms and PSV's for oxidation protetion. Three dierent
MnGa thiknesses of 15, 25 and 50 nm were employed
to fabriate PVS's. The nal Mn70Ga30 lm omposition
was determined using energy dispersive x-ray spetrome-
try (EDX). Note that the ahieved omposition is loated
in the 66 to 74 at.% Mn range where the D022 phase is
expeted to appear [Niida 1996℄.
Magneti properties were haraterized using a Phys-
ial Property Measurement System (PPMS) equipped
with a Vibrating Sample Magnetometer (VSM) and an
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FIG. 1: (a) XRD patterns of 15 nm, 25 nm, 50 nm single
MnGa lms, respetively; (b) in-plane and out-of-plane VSM
hysteresis loops and () urrent-in-plane magnetoresistane
urve of a single 15 nm MnGa lm; (d) in-plane and out-of-
plane VSM hysteresis loops of a single 50 nm MnGa lm.
Alternating-Gradient Magnetometer (AGM) with a max-
imum eld of 14 kOe. In addition to standard major
hysteresis loop analysis we employed a rst-order rever-
sal urve (FORC) tehnique [Davies 2004, Dumas 2007℄.
First, a family of FORC urves was measured. Eah
urve started at a suessively more negative reversal
eld, HR, and was then measured with an inreasing ap-
plied eld, H, parallel to the lm plane. Then, a mixed
seond-order derivative of the magnetization, M(H, HR),
was used to generate a FORC distribution, ρ ≡-∂2M(H,
HR)/2∂H∂HR, whih was plotted against (H, HR) oordi-
nates on a ontour map. Crystallographi strutures were
investigated by x-ray diration (XRD) with Cu K
a
ra-
diation in a symmetri san geometry. Current-in-plane
(CIP) eletron transport properties were determined by
a standard 4-point tester with the urrent orthogonal to
the magneti eld (transverse onguration).
III. RESULTS AND DISCUSSION
Fig. 1 shows strutural and magneti properties of
single MnGa lms. Following Ref. [Winterlik 2008℄, we
identify the peaks at 41.36
◦
in Fig. 1(a) as the (112)
diration peak of the D022 phase of Mn3−xGa. Im-
portantly, with inreasing lm thikness we observe en-
haned (112) texture as the relative diration intensity
beomes stronger. Hysteresis loops of the 15 nm MnGa
lm in Fig. 1(b) exhibit in-plane oerivity (Hc‖) of 6.8
kOe and out-of-plane one (Hc⊥) of 1.5 kOe, as well as a
120 emu/m
3
saturation magnetization (MS). A 50 nm
MnGa (Fig. 1(d)) reveals Hc‖=11.1 kOe, Hc⊥= 9.3 kOe,
and MS=160 emu/m
3
. These values are onsistent with
the ferrimagneti struture of D022 MnGa lm previously
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FIG. 2: Current-in-plane magnetoresistane urves (left ol-
umn) and hysteresis loops (right olumn) of Ta (6 nm)/MnGa
(15 nm)/CoFe (y nm)/Cu (5 nm)/CoFe (5 nm)/Ta (3 nm),
(a, b) y=0; (, d) y=0.5; (e, f) y=1.0 and (g, h) y=1.5.
reported [Wu 2009℄. The squareness ratios of the out-of-
plane and the in-plane loops are less than 1, indiating
that the easy magnetization axis lies in neither the lm
plane nor along the normal diretion, as expeted for
highly textured (112) D022 MnGa lms. The improved
magneti properties of the 50 nm MnGa lm are onsis-
tent with its enhaned strutural properties, Fig. 1(a).
This indiates that the hemial ordering of the D022
phase of MnGa inreases (induing a higher magnetorys-
talline anisotropy) with thikness under the same anneal-
ing ondition. The CIP-MR is found to be 0.12% at ±14
kOe for the 15 nm single MnGa lm, Fig. 1(), whih
we asribe to ordinary magnetoresistane of a metal. A
relatively large residual resistane of about 70 Ohm im-
plies a moderate rystallinity, onsistent with the XRD
results(Fig. 1(a)).
The magnetotransport and magneti properties of
PSV's of MnGa (15 nm)/CoFe(0, 0.5, 1.0, 1.5 nm)/Cu (5
nm)/CoFe(5 nm) are shown in Fig. 2. The unique shape
of the MR urve in Fig. 2(a), for MnGa/Cu/CoFe, is due
to a ombination of eets. The most prominent ontribu-
tion to the MR is a negative GMR between the CoFe and
MnGa layers. Near positive saturation the two layers are
parallel and a relatively high resistane state is observed.
As the applied eld is redued (dark lled squares) a
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FIG. 3: CIP-MR urves (a, ) and in-plane AGM hysteresis
loops (b, d) of Ta (6 nm)/MnGa (25 nm)/CoFe (1.5 nm)/Cu
(5 nm)/CoFe (5 nm)/Ta (3 nm) and Ta (6 nm)/MnGa (50
nm)/CoFe (1.5 nm)/Cu (5 nm)/CoFe (5 nm)/Ta (3 nm), re-
spetively.
sharp drop in resistane near zero eld is observed as the
CoFe (5 nm) free layer swithes and beomes anti-parallel
to the MnGa layer. With a further derease in applied
eld the resistane remains nearly onstant until roughly
-5kOe where the MnGa layer begins to swith. Finally, a
high resistane state, orresponding to parallel alignment
of the CoFe and MnGa, is one again ahieved at negative
saturation. This situation is similar to Fe/Cu/GdCo spin
valves [Yang 2006℄ and FeCoGd/AlO/FeCo tunnel jun-
tions [Bai 2008℄ where a negative GMR is also observed.
In addition to the dominant negative GMR ontribution
a small peak in the resistane near zero eld is also ob-
served and is most likely due to either anisotropi MR in
the transverse measurement geometry or a small positive
GMR omponent. Finally, a small paraboli bakground,
most obvious at high elds, is observed due to the ordi-
nary MR of the MnGa layer, similar to Fig. 1().
CoFe usually gives positive bulk and interfae spin
asymmetry oeients with Cu [Li 2002℄. Considering,
ab initio alulations [Winterlik 2008℄ of the eletroni
struture for D022 Mn3Ga, it is found that the minority
(majority) density of states exhibits a maximum (mini-
mum) at the Fermi energy and the bulk spin asymme-
try oeient is positive [Tsymbal 1996℄. However, based
on the negative GMR found in this PSV, Fig. 2(a), we
ould not rule out the possibility of a negative interfae
spin asymmetry oeient at the MnGa/Cu interfae.
To obtain a positive interfae spin asymmetry oeient
we employ a thin CoFe insertion layer at the MnGa/Cu
interfae. We therefore expet to not only obtain onven-
tional positive GMR, as antiipated for a PSV, but also
enhanement of the MR [Vouille 1999℄.
As shown in Fig. 2(), when an ultrathin 0.5 nm CoFe
layer is inserted between the spaer and xed layers,
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FIG. 4: (Color online) (a) A family of FORC urves and (b)
the FORC diagram of MnGa (50 nm)/CoFe (1.5 nm)/Cu (5
nm)/CoFe (5 nm) spin valve. The red horizontal dashed line
indiates the onset of irreversible swithing.
we nd a positive MR of 0.07%. This suggests that
GMR from spin-dependent interfae sattering at the
CoFe/Cu/CoFe interfaes is greater than net negative
MR from MnGa alone. The MR is found to inrease fur-
ther as the thikness of the CoFe insertion layer is in-
reased as shown in Figs. 2(e) and (g). The shape of the
MR loops indiates a two-step swithing for spin valves,
whih progressively weakens as the CoFe insertion layer
beomes thiker, virtually disappearing for 1.5 nm layers.
On the other hand, the easy magnetization axis is prob-
ably gradually pushed into the lm plane by the thiker
CoFe.
The hysteresis loops in Figs. 2(b, d, f, h) show a two-
stage swithing whih leads to the observed GMR ef-
fet. The large vertial separation between the upper
and lower plateaus in the hysteresis loops is due to the
muh higher moment (4 times as high) of the CoFe free
layer than the xed layer. With inreasing thikness of
the CoFe insertion layer the swithing plateau beomes
gradually smaller and the oerivity of the MnGa xed
layer also gradually dereases, indiating the swithing
of the soft CoFe insertion layer assists the hard MnGa
swithing due to exhange interations.
To further improve urrent-in-plane magnetoresis-
tane, we explore the eet of the MnGa thikness on
magnetotransport. As shown in Figs. 3(a) and (), MR in-
reases to 3.88% when tMnGa=25 nm. However, when in-
4reasing the thikness of MnGa to 50 nm we nd the MR
dereases to 2.95%. This derease is most likely due to
urrent shunting through the relatively thik MnGa layer
[Zha 2009d℄. Figs. 3(b) and (d) exhibit the in-plane mag-
neti properties for these two spin valves with tMnGa=25
and 50 nm. The separate swithing between the free CoFe
layer and the xed MnGa/CoFe bilayer orresponds to
GMR.
To better understand the interation between the CoFe
insertion layer andMnGa xed layer the FORC tehnique
is employed. The family of measured FORC urves is
shown in Fig. 4(a) where blak dots represent the starting
point for eah FORC. As the reversal eld is dereased
a sharp drop in magnetization is found near HR∼0 kOe
whih orresponds to the CoFe free layer swithing. This
is a highly irreversible proess and manifests itself as a
very narrow peak with a large intensity for reversal elds
HR∼0 Oe in the FORC distribution. To highlight the
swithing of the MnGa (50 nm)/CoFe (1.5 nm) bilayer
alone the FORC distribution is plotted for HR<-2 kOe
in Fig. 4(b). Interestingly, the FORC diagram is nearly
featureless for -6.5 kOe<HR<-2 kOe indiating reversible
swithing proesses. This region is also highlighted with a
braket in Fig. 4(a) and is assoiated with the highly re-
versible swithing of the CoFe insertion layer. The onset
of irreversible swithing ours for reversal elds HR<-6.5
kOe whih is indiated with a horizontal dashed line in
Fig. 4(b) and the red bold FORC in Fig. 4(a). For HR<-
6.5 kOe we begin to see peaks in the FORC distribution
that orresponds to irreversible swithing of the MnGa
layer as negative saturation is approahed. We an inter-
pret the reversal of the MnGa (50 nm)/CoFe (1.5 nm)
bilayer as being that of a lassi bilayer exhange-spring
magnet [Davies 2005, Fullerton 1998, Nagahama 1998℄
where the MnGa and CoFe an be identied as the hard
and soft omponents, respetively. This exhange spring
interation explains the lak of a two-step behavior in
the MR data in samples with thik CoFe insertion layers.
Essentially, after the CoFe free layer swithes, the CoFe
insertion layer begins to reversibly swith leading to a
gradual derease in the MR as saturation is approahed.
IV. CONCLUSION
In summary, PSV's using (112)-textured D022 MnGa
as a xed layer have been demonstrated and a MR up to
3.88% has been ahieved. A negative GMR is observed
in MnGa/Cu/CoFe spin valves. However, a negative to
positive transition in the MR is realized by insertion of
a thin CoFe layer at the MnGa/Cu interfae. Reversal
of the MnGa/CoFe bilayer has been analyzed and shows
exhange-spring like behavior whih explains the lak of a
two-step reversal typially observed in the MR response
of spin valves. These results are enouraging for future
spintroni devies suh as STO's where MnGa will be an
advantageous spin polarizer.
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